Previous studies have demonstrated that accommodation will respond to sine gratings in which the relative modulations of red, green and blue image components have been altered to simulate the effects of defocus and longitudinal chromatic aberration. The present study aimed to determine the tolerance of the accommodative system to relative phase shifts in those components induced by chromatic misalignment. It was found that accommodation can tolerate moderate amounts of chromatic misalignment (6 0 ), but responds adversely when misalignments are large. Applications to visual display terminals and spectacle lens and instrument design are discussed. Ó
Introduction
The ocular accommodation response normally acts to provide clear focused vision over a wide range of viewing distances. Several different types of information are known to drive the accommodation response and these include ocular defocus, perceived distance, voluntary effort and ocular vergence (Ciuffreda, 1991; Heath, 1956) . Research on the 'reflexive' accommodation response to defocus has centred on determining which aspects of a defocused retinal image are used to drive the accommodation response. There is now considerable evidence that the longitudinal chromatic aberration (LCA) of the eye provides an important stimulus to the reflexive accommodation system Fincham, 1951; Kotulak, Morse, & Billock, 1995; Kruger, Aggarwala, Bean, & Mathews, 1997; Kruger, Mathews, Aggarwala, & Sanchez, 1993; Kruger, Mathews, Aggarwala, Yager, & Kruger, 1995; Kruger, Mathews, Katz, Aggarwala, & Nowbotsing, 1997; Kruger, Nowbotsing, Aggarwala, & Mathews, 1995; Kruger & Pola, 1986; Lee, Stark, Cohen, & Kruger, 1999) . Several studies have provided findings to the contrary (Bobier, Campbell, & Hinch, 1992; Charman & Tucker, 1978; Kotulak et al., 1995; Stark & Takahashi, 1965; Troelstra, Zuber, Miller, & Stark, 1964; van der Wildt, Bouman, & van de Kraats, 1974) , but these have since been explained on a number of bases Flitcroft, 1990; Kruger et al., 1993; Lee et al., 1999) . A popular view of accommodation control has been that LCA does not provide a true stimulus to accommodation. Instead, LCA is thought to act as a 'cue' which aids the stimulus provided by even-error blur (Ciuffreda, 1991; Stark & Takahashi, 1965) . However, two recent studies under open-loop conditions have demonstrated that accommodation can respond to LCA in the absence of even-error blur feedback Lee et al., 1999) . In addition, we show in Section 4.5 that extraneous cues are unlikely to explain the responses in these studies. Thus there are good empirical grounds for speaking of a chromatic stimulus to accommodation.
Longitudinal chromatic aberration is not the only stimulus to reflex accommodation. Retinal blur due to defocus can provide an even-error stimulus (Phillips & Stark, 1977) , and the ability of individuals to accommodate in the absence of both LCA and negative feedback points to the presence of an odd-error achromatic stimulus to reflexive accommodation. The potential for cone receptor directionality to provide such a signal (Fincham, 1951) has recently received some attention (Kruger, L o opezGil, & Stark, 2001; Kruger, Stark, & Hu, 2000; Rucker & Kruger, 2001) .
Little is known of how the visual system extracts the information it needs to produce an efferent accommodative signal based on LCA and defocus. Theoretical models have been advanced (Crane, 1966; Flitcroft, 1990) , but so far there have been no attempts to verify these models by direct recording from within the visual pathways. Flitcroft (1990) hypothesised that the visual system uses colour opponent mechanisms and differences in contrast among the three cone classes (Cole & Hine, 1992) to specify defocus and drive accommodation. Using cone contrast as a metric, measured the open-loop accommodative response to grating targets in which the relative contrasts of the red, green and blue target components had been independently altered to simulate a grating oscillating between one dioptre of myopic defocus and one dioptre of hyperopic defocus. Most subjects accommodated well to these dynamic simulations, and Lee et al. (1999) later found similar results for simulations of stationary defocused targets. These empirical findings are consistent with the Flitcroft (1990) model.
In their studies, and Lee et al. (1999) did not investigate if the neural pathways that serve the chromatic mechanism of accommodation are sensitive to the relative phases (or positions) of the long-, middle-and short-wavelength components of the target. In the present paper, the term chromatic misalignment will be used to refer to any such difference in phase. These relative phase shifts are quite common. For example, the human eye suffers from a small amount (' 0:8 0 ) of foveal transverse chromatic aberration (Rynders, Lidkea, Chisholm, & Thibos, 1995; Simonet & Campbell, 1990; Thibos, Bradley, Still, Zhang, & Howarth, 1990) . Transverse chromatic aberration can also be induced when viewing off-axis through spectacle lenses (Tang & Charman, 1992) , or when viewing through spectacle prism corrections (see Faubert, Simonet, & Gresset, 1999; Hampton, Roth, Meyer-Arendt, & Schuman, 1991; Rassow, 1993; V e eronneau-Troutman, 1978) or optical instruments (see Smith & Atchison, 1997; Zhao & Mouroulis, 1995) . Artificial pupils (van Meeteren & Dunnewold, 1983; Zhang, Bradley, & Thibos, 1993; Zhang, Thibos, & Bradley, 1997) and achromatising lenses (see Zhang et al., 1997) also have the potential to induce substantial amounts of transverse chromatic aberration. Finally, misconvergence between the red, green and blue image components of a colour visual display terminal can induce small amounts of chromatic misalignment (Milner, Knowles, & Lovett, 1988; Travis, 1990) . It is thus natural to question whether the chromatic misalignment encountered in these situations places any restriction on the ability of LCA to drive the accommodative response. In the only study to date, Bobier et al. (1992) found that amounts of induced transverse chromatic aberration up to 6:9 0 had little effect on the steady-state accommodative response, demonstrating that the accommodative system is highly tolerant of chromatic misalignment. This finding represents an aggregate response of the various reflexive mechanisms of accommodation in the presence of chromatic misalignment, but does not indicate how these misalignments affect the chromatic mechanism of accommodation.
In the present study we extended the static simulation paradigm of Lee et al. (1999) to include relative differences in phase (or position) among the long-, middleand short-wavelength components of the image. We found that the chromatic mechanism of accommodation can tolerate moderate amounts of chromatic misalignment (AE6 0 between 490 and 614 nm for a 3.9 cycle per degree grating), but responds in the wrong direction when the red and blue image components are in counterphase with the green component of the image.
Methods

Subjects
Subjects were selected who, in preliminary trials, appeared to respond consistently to grating simulations of LCA and defocus that had zero chromatic misalignment (Section 2.3). We have previously shown that there is broad inter-individual variability in the responses to these grating targets (Lee et al., 1999) representing differing sensitivity to the stimulus provided by LCA (Fincham, 1951; Kruger et al., 1993) . These broad inter-individual variations in the components of accommodation appear to be a feature of the human accommodative system (for example Gwiazda, Thorn, Bauer, & Held, 1993; Kruger, Stark, Orlov, & Leo, 1997; Marg, 1951) . In the present study it was important to exclude individuals who had very poor responses to the effects of LCA because in these cases it would be impossible to demonstrate an effect of chromatic misalignment. Eight subjects presented and, of these, one was excluded due to unilateral reduced visual acuity. Three subjects had poor responses to the simulations of LCA and defocus that had zero chromatic misalignment, and were also excluded. Of the four remaining subjects, one was the principal author (subject E) and three were optometry students. Subjects were not informed about the identity of particular experimental trials and, in addition, the optometry students were naive to the purpose of the study. Subjects were 21-32 years of age. They had normal visual acuity (À0.08 to À0.28 log MAR), age-normal amplitudes of accommodation (Duane, 1922 ; Subject E was asymptomatic but had amplitudes 0.5-1 D below normal), normal colour vision by Nagel Anomaloscope, no history of amblyopia, anisometropia, strabismus, or binocular vision anomalies, and no history of ocular injuries, surgery or disease. Dark focus of accommodation varied in the range 0.15-1.44 D. The study was approved by the Institutional Review Board of the College, and subjects gave informed consent to participation in the study.
Apparatus
The apparatus has been described in detail by Lee et al. (1999) . Briefly, a dynamic infra-red recording optometer was used to measure accommodation while targets were presented to the subject in a Badal optical system. Most targets were presented in non-Maxwellian view through the Badal optical system using a Sharp (Osaka) XGE 800-U liquid crystal display (LCD) projector. Each pixel of the display subtended 0:967 0 . In this study, the circular field stop of the Badal system provided a 6.3°field of view. Artificial pupils of 0.75 and 3 mm were used in various parts of this study, and were imaged close to (approximately 2 mm behind) the entrance pupil of the Gullstrand-Emsley eye (Bennett & Rabbetts, 1989 ) to reduce chromatic difference of magnification (Zhang et al., 1997) .
The LCD panels of the Sharp projector were professionally inspected and aligned just before commencing the study. Because vertical sine gratings were used as simulation targets, only horizontal pixel misalignments were of interest. The maximum red-green and bluegreen misalignments were 27 00 and 18 00 respectively. Over 95% of the screen surface, the red-green pixel misalignment was 9 00 or less, and the blue-green misalignment was 18 00 or less. There was no measurable misalignment of pixels at the centre of the screen; that is, misalignments were less than 9 00 . The luminance profiles of the red, green and blue LCD panels in the Sharp projector were individually gamma-corrected in software to produce relationships between image bit-level (8-bit) and screen luminance that were linear to within 1.1-1.6% of the respective luminance ranges.
Simulation targets
The targets used in this study were simulations of the retinal images of defocused sine gratings. When viewed through a pinhole pupil (0.75 mm) to open the accommodative system's negative-feedback loop, most individuals accommodate in the correct direction to these simulations (Lee et al., 1999) . The targets were based on a vertical sine wave grating with a Michelson contrast of 79.6% and a nominal spatial frequency of 3.89 cycles per degree (cpd). The actual spatial frequencies after individual differences in spectacle magnification (86.6-102.5%) varied in the range 3.80-4.49 cpd. Targets were created by independently altering the modulations and phases of the red, green and blue components of a sine wave image in Macintosh PICT format. The mean nominal space-averaged retinal illuminance of each target was adequate for an accurate accommodative response (1.6 log trolands; Alpern & David, 1958) . Peak luminance values for red, green and blue LCD panels of the Sharp projector were at wavelengths of 614, 546 and 490 nm, respectively (Fig. 1) . The spectral bandwidths at half-height after weighting by the photopic spectral luminous efficiency function (V k ) were 44, 12 and 44 nm, respectively. The chromatic eye (Thibos, Ye, Zhang, & Bradley, 1992) , with its axial length adjusted to be emmetropic for a reference wavelength of 555 nm, was then used to determine the refractive error of the eye at the peak red, green and blue wavelengths.
There were three defocus conditions for each chromatic misalignment condition, namely positive, negative and control conditions. The positive defocus condition simulated an eye with normal LCA, and hyperopic defocus of þ1 D behind the retina. In this simulation, short wavelengths were focused closer to the retina and thus had higher contrast than the long wavelengths. As a result, the simulation signalled the need for an increase in accommodation. The negative defocus condition simulated an eye with normal LCA, and myopic defocus of À1 D in front of the retina. In this simulation, long wavelengths were focused closer to the retina and thus had higher contrast than the short wavelengths. This simulation signalled the need to relax accommodation. The control condition simulated an eye whose normal LCA had been corrected and for which all wavelengths were defocused equally by 1 D. In this simulation, the long, middle and short wavelengths had essentially the same contrast and so did not specify focus direction.
Modulations for each wavelength and defocus condition were calculated using Hopkins' (1955) formulae for the physical-optical modulation transfer function of a defocused optical system with a circular pupil. A centred 3-mm pupil was assumed, and for this pupil size and the grating spatial frequency in this study (ffi4 cpd), the effects of monochromatic aberrations on the in-focus optical transfer function are negligible (Liang & Williams, 1997; Walsh & Charman, 1985) . In defocused eyes there may be focus-dependent shifts in grating phase due to spurious resolution and monochromatic aberrations (Smith, 1982; . In the present study we simulated levels of defocus within the first zero of the through-focus modulation transfer function, and did not measure or model the small effects of individual monochromatic aberrations on the phase transfer function. The simulations also assumed clear ocular media with uniform transmittance as a function of wavelength, and ignored the transmittance of macular pigment.
For each of the three defocus conditions there were ten chromatic misalignment conditions in which the red and blue components of the sine grating were shifted in phase relative to the green component to give red-blue separations of 0°, þ45°, À45°, þ90°, À90°, þ135°, À135°, þ180°, À180°and 360°, corresponding to nominal angular red-blue separations of 0 0 , þ1. (Fig. 2) . If the red component was to the right of the blue component in object space then this was considered a positive phase shift. In each condition, the red and blue phase shifts were always symmetrical about the green image component. This arrangement is dissimilar to the transverse chromatic aberration observed with refractive optical components for which the phase shifts vary as a non-linear function of wavelength.
Target assumptions
To create the targets in this study it was assumed that the spectral bandwidths of the red, green and blue LCD panels were sufficiently narrow to allow approximation by monochromatic sources. To test this assumption, the luminance and chromaticity coordinates were measured, pixel-by-pixel, across each simulation pattern (Spectrascan PR-704, Photo Research, Chatsworth, CA). Corresponding cone excitation values were calculated (Cole & Hine, 1992) , and an iterative regression procedure (Levenberg-Marquardt method, DeltaGraph; SPSS, Chicago) was used to calculate the Michelson cone contrast and the phase angle of the cone excitation function (Fig. 3) . To determine the expected cone contrast functions, polychromatic modulation transfer functions (Hopkins, 1955) were calculated for a hypo- thetical display with three monochromatic primaries having wavelengths located at the respective peak wavelengths of the red, green and blue panels of the LCD projector. The radiance of each hypothetical primary was set to the total radiance (380-780 nm) of its respective LCD panel. Luminances and chromaticity coordinates for the CIE 1931 observer were calculated at each sample point in the simulated grating (Wyszecki & Stiles, 1967, pp. 228-252, 371-384) , and cone excitations were then calculated (Cole & Hine, 1992) . The measured Michelson cone contrasts and the phase angles of the cone excitation functions were found to match the expected values quite well (Fig. 3) , indicating that the assumption of monochromatic sources was not critical, any artefacts of the LCD display were negligible, and that there had been no errors in the creation of the test patterns.
The simulation targets in the present study were viewed through a 0.75-mm pinhole pupil. Because this pupil size is a little too large to open completely the negative-feedback loop of the accommodative system (Ward & Charman, 1987) , it is important to consider the effects of defocus on the nominal modulations of the simulation targets. Distance refractive errors may be disregarded in this respect because they were corrected with trial or contact lenses and by the Badal optical system (Section 2.5). Monochromatic aberrations are negligible for a centred 0.75-mm pupil and were also ignored Walsh & Charman, 1985) . The effects of LCA were modelled using the chromatic eye (Thibos et al., 1992) , and small differences in the magnitude of LCA with accommodation (Atchison, Smith, & Waterworth, 1993) were ignored. To consider the effects of accommodative errors on target modulation, the most negative and most positive accommodative errors for the grating simulation target in a particular trial were calculated for every trial in the study (Section 2.5) and pooled across subjects according to defocus condition. The modulations (Hopkins, 1955) for the chromatic eye (Thibos et al., 1992 ) with a 0.75-mm pupil were then calculated for the following four accommodative levels: the most negative accommodative error at any instant during the study, the most positive accommodative error at any instant during the study, the lower quartile of the pooled most-negative accommodative errors, and the upper quartile of the pooled most-positive accommodative errors. In all cases, the accommodative errors were well within the first zero of the through-focus modulation transfer function.
The actual modulations through the 0.75-mm pupil were close to veridical when accommodative errors were within the inter-quartile range (Fig. 4) . However, the differences in modulation among simulation components were dampened when there were large amounts of over-accommodation in the positive defocus condition (Fig. 4) . Nevertheless, the relative modulations of red, green and blue image components remained in the correct direction (Fig. 4) . In addition, inspection of individual traces in the upper quartile of accommodative errors for the positive simulation condition demonstrated a definite initial response to the stimulus in 92% of trials. Only in 8% of trials were there small or absent responses accompanying a high open-loop level of accommodation. In summary, the effects of a 0.75-mm pupil were largely limited to a dampening of the positive accommodative response to the positive condition simulation after an initial response to the chromatic information within that target.
Procedure
In a preliminary session, the subject was trained to sit still in the Badal optical system while seated at a chinrest and head-rest mounted on a three-way stage operated by the examiner. Eye position was monitored using an infra-red video camera and monitor. After this initial training, the right eye was patched and the left eye aligned to view monocularly through the Badal system. Refractive errors were approximately corrected with glass ophthalmic trial lenses or the subject's habitual soft contact lenses. Correct dioptric accommodative stimuli were always provided by the software that controlled the optical system regardless of the refractive correction in place (Lee et al., 1999) .
The subject then viewed vertical red (614 nm) and blue (490 nm) vernier lines through a 0.75-mm pinhole centred on the optical axis of the Badal optical system. A two-alternative forced-choice staircase procedure was used to determine the horizontal ocular position for which the subject perceived no vernier misalignment in foveal viewing; that is, the visual achromatic axis (Thibos et al., 1990) . The subject was then aligned on this axis for the remainder of the experiment. To assess the repeatability of eye alignment, the examiners estimated the maximum temporal and nasal departures from correct alignment during each trial in the study. These linear displacements were then converted to transverse chromatic aberration using data from the left eye of subject E. For the four subjects A, B, D and E, and in 95% of trials, these ranges of misalignment-induced transverse chromatic aberration were À28 00 to þ23 00 , À29.5 00 to þ22 00 , À11 00 to þ27.5 00 and À23 00 to þ9.5 00 respectively, using the sign convention of Simonet and Campbell (1990) . These amounts of misalignmentinduced transverse chromatic aberration are about 8-25% of the smallest simulated amount of chromatic misalignment of 1:93 0 (Section 2.3), indicating that excellent alignment was maintained throughout the study.
After the preliminary session, the infra-red optometer was calibrated individually for each subject using the method of bichromatic stigmatoscopy (Lee et al., 1999) . The degree to which the subject uses LCA to focus for dynamic targets was then assessed using a Maltese cross target moving sinusoidally between 1 and 3 D: either in white light with LCA intact or reversed, or in monochromatic light (550, 10 nm bandwidth; Lee et al., 1999) . A measure of the subject's dark focus was made on one occasion (Lee et al., 1999) .
For the main trials, the subject viewed the sine wave grating simulations (Section 2.3) through a 0.75-mm pupil in the Badal optical system. In each trial the subject viewed a 20.48 s video presentation consisting of an initial 10.24 s in which a fixation cross was displayed, followed by a further 10.24 s in which one of the sine wave grating simulations was displayed (Section 2.3). The grey fixation cross had a limb width of 4:84 0 and a Michelson contrast of 20%. The subject was instructed: 'Concentrate your attention at the centre of the target. Keep the target clear' (Stark & Atchison, 1994) . The subject was also instructed to make only necessary eye blinks, and to alternate fixation between the light and dark bands of the grating to the cadence of a metronome (0.33 Hz) to reduce the possibility of after-images and perceptual fading (Kotulak & Schor, 1986a) .
Several preliminary trials were conducted to determine if the subject would respond robustly to the simulations that had zero chromatic misalignment (Section 2.3). Then in the main sessions there were six trials of each condition, performed in six separate experimental blocks. (Subject B was only available for five trials of each condition.) Within a block, the order of the ten chromatic misalignment conditions was randomised without replacement. Then for any given chromatic misalignment condition, the order of the three defocus conditions was randomised without replacement. To limit subject fatigue, experimental sessions were limited to twelve trials and usually lasted 20-30 min.
Analysis
Standard signal-processing procedures were used to remove spurious values in the accommodation recordings due to eye blinks, and to perform Fourier analysis where necessary (Lee et al., 1999) . Trials containing more than 11.2% of spurious values in either or both of the 10.24 s trial segments were excluded. (This threshold value for exclusion was obtained by pooling the percentage-spurious values from all subjects and trial segments and specifying the threshold as three standard deviations from the mean.) For each trial the change in the mean accommodative response from the fixation cross to the sine wave grating (D) was calculated (Lee et al., 1999) . Then the response strengths (RS) were calculated for each of the three defocus condition pairs:
The variable RS p-c is a measure of the effectiveness of the positive condition compared with control, and RS n-c is a measure of the effectiveness of the negative condition compared with control. The variable RS p-n is a measure of the overall effectiveness of positive and negative simulations.
Previous studies have demonstrated wide interindividual differences in accommodative responsiveness to LCA Lee et al., 1999) . Accordingly, a single-case experimental design was used to reveal potential differences among individuals. In the absence of valid parametric tests for these designs (Busk & Marascuilo, 1992) it is becoming popular for researchers to develop custom tests within the framework of randomization theory (Edgington, 1995, pp. 263-301; Manly, 1991) . The geometrical test was used as a powerful distribution-free alternative to analysis of variance (Stark, 2000) . Linear correlation analysis was performed using a randomization procedure (Edgington, 1995, pp. 201-216) . In the present study, chromatic misalignment is defined as the phase angle between red and blue sinusoidal image components of the target (Section 2.3). Defined in this way chromatic misalignment may vary in the range AE2p and constitutes a polar (or circular) variable. Chromatic misalignment was converted from polar to Cartesian coordinates (x; y) using standard methods for circular variables (Batschelet, 1981) . A multiple regression (Edwards, 1979) was then performed by a randomization procedure (Edgington, 1995, p. 8) using the response strength as a dependent variable. Probability values for the three tests were obtained by a random enumeration method (geometrical test: n ¼ 50 000; multiple regression: n ¼ 500 000; correlation: n ¼ 5000; Manly, 1991, pp. 32-36) .
Results
Subjects' responses to the dynamic Maltese cross target motion were typical . Accommodative responses were most accurate when LCA was present in white light, but were poor in monochromatic light and when LCA was reversed (vector averaged gains and phase lags; n ¼ 4. White light: 0.80, À43°; LCA reversed: 0.15, À68°; monochromatic: 0.39, À77°). Subjects' responses to the simulation targets were also typical, except that the responses of subject B were more active than any previously reported (Lee et al., 1999) .
Representative responses for subject E in the main trials and in the case of þ135°of chromatic misalignment are shown in Fig. 5 . In this particular matched set of trials, the open-loop accommodative responses to the grating simulations are in the predicted direction: the positive condition leads to a higher response than the control condition, while the negative condition leads to a lower response.
Comparisons of the response strengths (Section 2.6) among the three defocus conditions are shown for each subject in Figure 6 . If LCA provides a stimulus to accommodation, as hypothesised, then RS p-c and RS p-n should be positive, while RS n-c should be negative. Two subjects (B & E) demonstrated large responses to the simulations, while the other two subjects (A & D) had smaller responses. Nevertheless, the signs and the relative orders of the response strengths in the three defocus conditions are nearly always as predicted (Fig. 6) , excepting the 360°condition (see below). The response strength value RS p-n is a measure of the overall effectiveness of the positive and negative defocus conditions to drive accommodation. Chromatic misalignment appears to dampen this response in two subjects (B & E; Fig. 6 ). The effect of chromatic misalignment on the positive-negative response strength (RS p-n ) was examined with the geometrical test. All subjects demonstrated a significant overall effect of chromatic misalignment, but only three of four probability values remained significant after correction for family-wise error rate using the Bonferroni corrected significance level; that is, 5% divided by four tests, or 1.25% (geometrical test; subject A: p ¼ 3:2%; subject B: p ¼ 0:082%; subject D: p 6 0:002%; subject E: p 6 0:002%).
Post-hoc multiple regression was performed to investigate the nature of the relationship between chromatic misalignment and accommodation response strength (Fig. 6 ). There was a significant linear correlation between chromatic misalignment (expressed in Cartesian coordinates) and response strength for all subjects (multiple regression by a randomization procedure; subject A: R 2 ¼ 0:75, p ¼ 0:65%; subject B: R 2 ¼ 0:92, p ¼ 0:004 4%; subject D: R 2 ¼ 0:59, p ¼ 3:25%; subject E: R 2 ¼ 0:95, p ¼ 0:000 8%), but the correlation for subject D was not significant at the Bonferroni corrected level of 1.25%. The peaks of the best-fitting functions occurred at À10°, À11°and À11°f or subjects A, B and E, but the peak for subject D was decentred by a larger amount (À42°). The best-fitting functions for subjects B and E provide an excellent visual fit to the data, whereas those for subjects A and D are poorer (Fig. 6 ). It may be that these subjects' responses are more variable. The range of chromatic misalignment values at half-height for each of the bestfitting functions was taken as a measure of the tolerance of accommodation to induced chromatic misalignment. Taking individual spectacle magnification into account these tolerances for phase shifts (degrees) and corresponding chromatic misalignment (arcmin) were: AE136°( AE5.8 0 ), AE153°(AE6.5 0 ), AE140°(AE5.2 0 ) and AE153°(AE6.7 0 ) for subjects A, B, D and E respectively: on average AE146°(AE6 0 ). The similarity in tolerance values among subjects suggests that the response strength functions of Figure 6 differ between individuals mainly by a scaling factor along the ordinate.
An unexpected finding was that accommodation appears to proceed in exactly the wrong direction when there is 360°of induced chromatic misalignment (Fig. 6 ). Although this trend was consistent across all subjects and significant in two subjects, it never reached statistical significance at the Bonferroni corrected level of 1.25% (geometrical test; subject A: p ¼ 38%; subject B: p ¼ 25%; subject D: p ¼ 3:3%; subject E: p ¼ 3:3%).
Discussion
Phase tuning
In agreement with a previous study of the steady-state accommodative response (Bobier et al., 1992) , we found that the chromatic mechanism of accommodation can also tolerate substantial amounts of chromatic misalignment. On average, the open-loop accommodative response remained within half its maximal value over a AE146°range, corresponding to AE6 0 of chromatic misalignment between 490 and 614 nm. This finding suggests that the sensory mechanisms underlying the accommodative response to LCA are reasonably tolerant to differences in relative phase among the long-, middle-and short-wavelength components of an object. Nevertheless, the current experimental design precludes any conclusions about the phase-tuning of those neural pathways. This is because the relative phases of the cone excitation functions in this study could not be altered independent of cone contrast (Fig. 3) . In particular, for the L-and M-cones, chromatic misalignment had large effects on cone contrast but little effect on relative phase.
Large phase differences
Subjects appeared to focus in the wrong direction when the green image component was in counter-phase with the red and blue components ( Figs. 2 and 6 ; 360°c ondition). This effect was small, and not statistically significant in all subjects. Accommodation is known to be poor for isoluminant and near-isoluminant targets (Switkes, Bradley, & Schor, 1990; Wolfe & Owens, 1981) , and the current 360°condition targets had low Michelson luminance contrasts (positive: 22%; negative: 15%; control: 18%), but this would not explain the observed reversed pattern in the responses. An ordered pattern of luminance contrast between the positive, negative and control patterns also fails to predict the observed responses (Section 4.5). Finally, the responses were not due to errors in creating the patterns (Section 2.4). Instead, it appears that the observed responses are partly predicted by a model in which the visual system extracts a signal for accommodation based on the difference in contrast between L-and M-cone classes (Flitcroft, 1990; .
The differences in Michelson contrast between L-and M-cones and between S-and an average of L-and Mcones (Flitcroft, 1990) were calculated for positive and negative defocus conditions, and then used to derive predicted response strengths analogous to those for the actual accommodation responses (Section 2.6). The plots of these predicted response strengths as a function of chromatic misalignment were normalised by a positive scaling factor along the ordinate to obtain a best fit to the actual mean positive-negative response strength function for the group. This was done using an iterative least-squares procedure (Microsoft Excel, Redmond, Washington). To preserve the signs of the predicted response strengths, it was important that neither a negative scale factor nor a translation factor be used. Qualitatively, a model in which the visual system extracts a difference in L-and M-cone contrasts predicts a slower decline in accommodation with increasing chromatic misalignment than is observed (Fig. 7, Cone RG) . Nevertheless, this model is a very good predictor of the actual accommodative response (correlation by a randomization procedure: r 2 ¼ 0:9, p ¼ 0:06%). On the other hand, difference in contrast between S-cones and an average of L-and M-cones is a poor predictor of the response (Fig. 7 , Cone BY; correlation by a randomization procedure: r 2 ¼ 0:055, p ¼ 54:7%). It should be noted in passing that the present findings are independent of any positive scaling factor along the ordinate because the Pearson r 2 value is invariant under linear transform of the dependent variable.
A lack of correlation between accommodation and blue-yellow contrast differences in the present study apparently contradicts previous findings that both Scones and blue-yellow opponent mechanisms provide inputs to accommodation (Aggarwala, Stark, & Kruger, 1999; Rucker & Kruger, 2001) . However, in the present study a grating spatial frequency of 4 cpd was used, and as the contrast sensitivity of S-cone mechanisms falls off rapidly for spatial frequencies above about 2 cpd (Hu-manski & Wilson, 1992) it is likely that the choice of spatial frequency heavily biased the accommodative system away from S-cones and towards L-and M-cone inputs.
To investigate accommodative performance at isoluminance, Switkes et al. (1990) used grating targets in which the red and green image components were in counter-phase. The red-green counter-phase targets in the present study (360°condition) were not isoluminant, but did have low luminance contrast (15-22%). Given the superficial similarities between the targets in the two studies, it is noteworthy that Switkes et al. (1990) occasionally found small counter-phase accommodative responses to step-motion of these targets--atypical responses similar to those of the present study.
Limiting factors
There are a number of factors to consider in applying the present findings to realistic situations. These include the spatial frequency content of the object, spurious resolution, the ocular phase transfer function, ocular chromatic difference of magnification, the transverse chromatic aberration of spectacle lenses, the spectral distribution of target illumination, the source of chromatic misalignment, and individual differences in accommodative gain and responsiveness to LCA.
A grating spatial frequency of approximately 4 cpd was used in the present study. Although this is a nearoptimal spatial frequency for reflex accommodation (Mathews & Kruger, 1994; Stone, Mathews, & Kruger, 1993) , in everyday scenes and objects there is usually a range of spatial frequencies available. In addition, these spatial frequencies will usually be orientated at many different angles. Chromatic misalignment will not affect any target detail at right angles to its axis, and so these unblurred details may then be available to drive the accommodative response provided that the attendant neural pathways exhibit sufficiently narrow orientation tuning.
In the present study we did not consider the effects of spurious resolution or those of small defocus-induced phase shifts due to ocular monochromatic aberrations (Smith, 1982; . Our finding of an adverse response with large relative phase differences (360°condition) suggests that spurious resolution may have the potential to impair the accommodative response. For broad spatial frequency band targets there might also be levels of defocus where one spatial frequency provides a correct input to accommodation, while another provides an adverse input. Such effects would depend on the nature of spatial frequency tuning within the accommodative pathways, although little is currently known about these tuning properties (Flitcroft, 1990; Stark et al., 1996) .
There is a question of whether the eye's chromatic difference of magnification or the transverse chromatic aberration of ophthalmic trial lenses within the apparatus (Section 2.5) may have affected the results. The current field diameter was 6.3°, and the chromatic difference of magnification in a theoretical eye model between eccentricities of 0°and 3.15°is quite small: approximately 0:6 0 for the red and blue wavelengths of the current display (Thibos et al., 1990 (Thibos et al., , 1992 . In addition, preliminary evidence from two subjects suggests that these theoretical values over-estimate the degree of chromatic difference of magnification in real eyes by a factor of 1.7-8.0 (Zhang et al., 1993) . Calculated transverse chromatic aberration in the ophthalmic trial lenses at an eccentricity of 3.15°was negligible for three subjects (0.19-4.8 00 ) and small for the fourth (subject D; 0.43 0 ). A constringence value of 59 was assumed. Finally, the effects of chromatic difference of magnification and spectacle lens transverse chromatic aberration are likely to be attenuated further by the progressively poorer response of accommodation with eccentricity (Ciuffreda, 1991) . In the present study we altered directly the red, green and blue image components of a colour display. It is possible though that different results would be obtained for broad-band illumination and for different methods of inducing chromatic misalignment. To illustrate this point, hypothetical accommodative responses were calculated for a 3.9 cpd sine-grating target viewed through a glass prism under broad-band illumination. To determine the expected cone contrast functions, polychromatic modulation transfer functions (Hopkins, 1955) for the chromatic eye (Thibos et al., 1992) with a 3-mm pupil were calculated over the range 380-770 nm at an increment of 5 nm. The modulation transfer functions were weighted by the relative spectral energy distribution of Illuminant C (Wyszecki & Stiles, 1967, p. 32) or a daylight fluorescent globe (Wyszecki & Stiles, 1967, p. 37) . Chromatic misalignment was simulated by a hypothetical ophthalmic prism in Schott BK7 glass (Melles Griot, 1985) with its apical angle adjusted to give the same levels of chromatic misalignment between 490 and 614 nm as were used in the main study. Luminances and chromaticity coordinates for the CIE 1931 observer were calculated at each sample point in the simulated grating (Wyszecki & Stiles, 1967, pp. 228-252, 371-384) , and cone contrasts were then calculated (Cole & Hine, 1992) . Differences in L-and M-cone contrasts between positive and negative defocus conditions were used to derive hypothetical positive-negative response strengths, which were then normalised as previously described (Section 4.2). The main difference between the functions for the actual LCD display and the simulated targets is that with broad-band illumination there is not a reversal in the direction of the hypothesised accommodative response when chromatic misalignment is set to 360° (Fig. 7) . This suggests that the way in which chromatic misalignment is induced may be important to the accommodative response.
The findings of the present study may only be applied validly to individuals who use LCA as a stimulus to accommodation. A few individuals do not respond to LCA and there is wide inter-individual variability in the responsiveness of accommodation to the effects of LCA and defocus (Fincham, 1951; Kruger et al., 1993; Lee et al., 1999) .
Finally, the decrements in accommodative performance noted here are actually measures of changes in the open-loop feed-forward gain of the chromatic mechanism of accommodation. The closed-loop gain is not linearly related to the open-loop gain (Hung & Semmlow, 1980) , and so the tolerances to chromatic misalignment in normal closed-loop conditions will depend on individual open-loop gain levels. Chromatic misalignment will be most detrimental to individuals with poor open-loop gain, while individuals with high open-loop gain should be more tolerant of chromatic misalignment.
Tolerances
In the present study accommodation appeared to tolerate up to about AE6 0 of induced chromatic misalignment. This amount of chromatic misalignment is several times that of average foveal transverse chromatic aberration (' 0:8 0 ), but theoretically could be induced by spectacle lens and prism corrections (particularly with low-constringence lens materials) and by various other means such as optical instruments, artificial pupils, achromatising lenses and visual display terminal misconvergence (see also Section 1). Research investigating the effects of transverse chromatic aberration on visual performance in these situations has centred on measures of visual acuity and contrast sensitivity. However, the present study suggests that it is also important to consider accommodation when constructing these tolerance limits; that is, if accommodation is poor due to chromatic misalignment then the resulting spherical defocus for a given viewing distance will degrade visual performance in addition to any direct effects of chromatic misalignment.
Visual display terminals have been investigated for their potential to induce eyestrain, and some studies have considered display colour as a factor (see Lee et al., 1999) . However, the effect of display misconvergence on visual performance has received little attention (Milner et al., 1988; Travis, 1990) and may be significant with respect to accommodative performance. As a practical example, a misconvergence of two pixels on a 0.26 mm dot-pitch monitor viewed from a distance of 50 cm corresponds to 3:6 0 of chromatic misalignment. When applied to the best-fitting functions of Fig. 6 , this level of chromatic misalignment would reduce the open-loop gain of the chromatic accommodative mechanism by 17% on average.
Accommodative cues
It might be argued that the accommodative responses in the present study were not driven by LCA, but instead by some extraneous factor or accommodative cue. Lee et al. (1999) , using a similar paradigm to the present study, ruled out explanations based on low temporal frequency fluctuations of accommodation with small pupils (Gray, Winn, & Gilmartin, 1993) , perceived distance (Rosenfield, Ciuffreda, & Hung, 1991) , mental imagery (Malmstrom & Randle, 1976) , cognition (Winn, Gilmartin, Mortimer, & Edwards, 1991) , lateral target motion or changes in target size (Troelstra et al., 1964) , retinal illuminance changes (Troelstra et al., 1964) , nonrandom target presentation (Troelstra et al., 1964) , auditory cues (Allen, 1955) , even-error blur feedback (Phillips & Stark, 1977; Stark & Takahashi, 1965) , blur feedback based on microfluctuations of accommodation (Charman & Heron, 1988; Kotulak & Schor, 1986b) , and spurious resolution (Smith, 1982) . The possibility that subjects used small differences in perceived target colour to drive accommodation could not be ruled out, but Lee et al. (1999) found no statistically significant association between accommodation and the perception of colours in the simulation targets.
Other cues and factors can be ruled out. Spherical aberration (Campbell & Westheimer, 1959; Fincham, 1951) , monochromatic aberrations (Wilson, Decker, & Roorda, 2000) and uncorrected astigmatism (Allen, 1955; Campbell & Westheimer, 1959; Walsh & Charman, 1988) were negligible for a 0.75-mm pupil and would not have provided cues to accommodation. Small focus-dependent shifts in target phase due to monochromatic aberrations are probably negligible for a 0.75-mm pupil (Walsh & Charman, 1985 . The use of the contrast magnitude, the contrast gradient (Ciuffreda, 1991; Fujii, Kondo, & Kasai, 1970) , the rate of change of contrast (Hung & Ciuffreda, 1988) or a self-similar stack model (Haig, 1993) as an even-error stimulus to accommodation can also be ruled out due to the large depth-of-focus afforded by the 0.75-mm pupil. The Stiles-Crawford effect, perhaps in combination with small fixational eye movements (Fincham, 1951) , is unlikely to have provided a cue to accommodation ) because the effect is small for a 0.75-mm pupil (Applegate & Lakshminarayanan, 1993 ). An achromatic accommodative stimulus based on S-cone input cannot be ruled out because the mechanism is not fully understood (Rucker & Kruger, 2001 ). An accommodative mechanism suggested by Switkes (see De Valois & De Valois, 1980, p. 331 ) and based on comparisons of contrast in high and low spatial frequency channels could not have operated in the present experiment due to the use of a single spatial frequency target (on a carefully gamma-corrected display). An accommodative mechanism based on comparisons of defocus over a small bulge of central foveal cones (Warshawsky, 1963) could not have operated due to the large depthof-focus with a 0.75-mm pupil.
An explanation of the current findings based on an ordered difference in luminance contrast between defocus conditions is untenable. Michelson luminance contrasts were calculated from luminance measurements that had been made across each target (Section 2.4). The difference in contrast between positive and negative conditions was then used to derive a response strength analogous to that for the actual accommodation response (Section 2.6). Two of these response strength functions were derived: one corresponding to the hypothesis that subjects focus inwards when target contrast is low, and the other that they relax focus when contrast is low. The plots of these response strengths as a function of chromatic misalignment were normalised, as described previously (Section 4.2). Luminance contrast was found to be a poor predictor of the actual accommodation response (Fig. 7) . The hypothesis of inward focus for low target contrast required a zero scaling factor along the ordinate for a least-squares bestfit and consequently provides a very poor fit to the experimental data (Fig. 7 , Low-In). The hypothesis of outward focus for low target contrast is negatively correlated with the actual response (correlation by a randomization procedure: r 2 ¼ 0:56, p ¼ 5:4%) and predicts an incorrect sign of response in the 360°chro-matic misalignment condition (Fig. 7, Low-Out) .
Disparity-driven convergence accommodation and stereoscopic cues to depth can be ruled out because monocular viewing was used. Motion parallax can be ruled out because the target was uni-planar (Rogers & Graham, 1979) . Most of the classical pictorial depth cues can be ruled out. However, it is possible that a sine target could be perceived as a corrugated surface due to depth-from-shading (Norman, Todd, & Phillips, 1995) and that these perceptions could then induce proximal accommodation. However, subjects were instructed to fixate from peak to trough of the target at a frequency of 0.33 Hz, and there were no large and obvious oscillations at this temporal frequency in the accommodation records suggestive of proximal accommodation under this hypothesis. The possibility that subjects outwitted the examiners in an attempt to focus correctly (Allen, 1955) seems unlikely. Random presentation order was used and care was taken to conceal this order from the subjects. In addition, three of the subjects were naive to the purpose of the study, and it would be remarkable if they had deciphered the experimental design and nomenclature within the space of several minutes over the first few trials. Cornsweet and Crane (1973) were able to train two individuals to use auditory and visual feedback to control their accommodation and from this concluded that any cue could be used to drive accommodation. While we cannot rule out every unknown and potential cue, we do note that the reported responses required extensive training and, once learnt, transferred quickly to other forms of feedback. These findings suggest that the two subjects initially had little or no voluntary accommodative ability (Marg, 1951) and were trained to accommodate voluntarily. In the present study and in other studies of LCA and accommodation , subjects were observed to respond on the first few trials. Also the present open-loop paradigm with a 0.75-mm pupil prevented the subjects from gaining visual feedback from defocus on the progress and appropriateness of their responses. Thus it is unlikely that subjects in the present study were learning to use some unknown cue to enable an accommodative response.
Finally, any of numerous extraneous influences on accommodation unrelated to target presentation (for example Ciuffreda, 1991; Trachtman & Giambalvo, 1976) can be ruled out due to the statistical control afforded by random presentation of target conditions. In summary, almost every known or suggested cue or influence can be ruled out as an explanation for the responses in the present study. Thus it can be stated that LCA almost certainly provides a direct stimulus to accommodation.
